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The why and how of sleep-dependent synaptic down-selection 
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A B S T R A C T   

Sleep requires that we disconnect from the environment, losing the ability to promptly respond to stimuli. There 
must be at least one essential function that justifies why we take this risk every day, and that function must 
depend on the brain being offline. We have proposed that this function is to renormalize synaptic weights after 
learning has led to a net increase in synaptic strength in many brain circuits. Without this renormalization, 
synaptic activity would become energetically too expensive and saturation would prevent new learning. There is 
converging evidence from molecular, electrophysiological, and ultrastructural experiments showing a net in-
crease in synaptic strength after the major wake phase, and a net decline after sleep. The evidence also suggests 
that sleep-dependent renormalization is a smart process of synaptic down-selection, comprehensive and yet 
specific, which could explain the many beneficial effects of sleep on cognition. Recently, a key molecular 
mechanism that allows broad synaptic weakening during sleep was identified. Other mechanisms still being 
investigated should eventually explain how sleep can weaken most synapses but afford protection to some, 
including those directly activated by learning. That synaptic down-selection takes place during sleep is by now 
established; why it should take place during sleep has a plausible explanation; how it happens is still work in 
progress.   

In this review we first summarize the reasons why sleep is believed to 
be essential for the brain and mention some of its putative functions. 
Next, we focus on the synaptic homeostasis hypothesis of sleep and 
briefly summarize its rationale and the supporting evidence. We then 
devote most of this review to discuss recent evidence about the molec-
ular mechanisms that could explain how sleep results in a net decrease in 
synaptic strength in many brain circuits. 

1. Sleep and its defining feature: sleep is more than rest 

Every time we fall asleep, we surrender our ability to monitor what is 
happening around us and respond to a potential threat. Partial, revers-
ible sensory (and usually motor) disconnection is the defining feature of 
sleep, the key feature that distinguishes sleep from any other behavioral 
state including “rest” (quiet wake), when we do not move but maintain 
the ability to promptly respond to a stimulus. The brain mechanisms 
responsible for sensorimotor disconnection during sleep are partly 
known [1–4]. What is still unknown, however, is the reason why we 
need to spend a third of our life asleep, despite the obvious potential 
risks of being offline. The mere fact that we sleep every day, and likewise 
all animal species that have been carefully studied so far, suggests that 

sleep serves at least one essential function that cannot be carried out 
during wake [5,6]. If that were not the case, evolution would have found 
a way to perform that function during active wake or rest periods [5]. 
Another reason to think that sleep is essential is the presence of complex 
homeostatic mechanisms that are triggered by sleep deprivation and 
result in longer and deeper recovery sleep. It is difficult to justify the 
existence of such mechanisms, in mammals and other animals, if sleep is 
just a time filler [5]. Moreover, acute and chronic sleep loss have 
pervasive negative effects on performance and many brain functions, 
including the ability to learn, remember, speak clearly, judge the 
amount of risk, understand complex information to guide decisions, and 
feel empathy [7–13]. Finally, post-training “fatigue”, the impaired ca-
pacity for new learning that follows intense training in a motor or visual 
task, is restored only by sleep but not by a period of similar duration 
spent in quiet wake [14–16]. In short, the question is not whether the 
brain needs sleep, but why. 

2. An essential function of sleep: synaptic renormalization 

When searching for the key functions of sleep that justify its evolu-
tion, one should start from its defining feature and ask which function 
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can be performed only, or much better, when the brain is offline. If the 
same function can be carried out during wake, then the ubiquity of sleep 
is difficult to justify from an evolutionary standpoint. We have proposed 
that this function is to maintain an overall balance of synaptic strength 
across brain circuits. The synaptic homeostasis hypothesis (SHY) posits 
that sleep is the price that the brain needs to pay every day to be able to 
learn, that is, to undergo plastic changes in order to adapt and survive in 
an ever-changing environment [17]. As we originally argued “If the 
nervous system needs to acquire information about its environment in 
order to adapt itself to it, it makes sense that such acquisition be 
confined to periods of waking and should not occur during sleep, when 
neural activity is at least partly disconnected from the external world” 
[18]. 

3. The rationale for the synaptic homeostasis hypothesis 

The initial impetus for SHY came from considering the joint impli-
cations of basic neurobiological and informational constraints: the cost 
of neuronal firing vs. not firing; the consequences of firing vs. not firing 
for signaling within the brain; the repercussions for plasticity; and the 
implications of the limited sampling of the environment when learning 
during wake (Table 1). In brief, neurons learn by modifying their syn-
apses and the number and distribution of spikes determine when syn-
apses are modified and how plastic changes can percolate throughout 
the brain. In theory, learning can be implemented equally well by 
increasing or by decreasing synaptic strength. In practice however, two 
major constraints link learning to synaptic potentiation. First, neurons 
receive thousands of synaptic inputs yet their choice of outputs is very 
restricted; in the limit, they can stay silent, spike once, or burst (infor-
mational constraint). Second, because firing is more expensive than non- 
firing, neurons are forced to fire sparsely and very selectively, that is, 
they respond only to a small minority of the inputs that they receive 
(neurobiological constraint). These inputs should be the ones that occur 
together more frequently than would be expected by chance, because 
they suggest regularities in the input and ultimately in the environment 
that the neurons should learn to interpret and predict. Once these 
“suspicious coincidences” [19] are detected, a neuron should commu-
nicate them by firing, and by making sure that this energetically 
expensive effort makes a difference to its target neurons. To do this, the 
synapses carrying the suspicious signal should be strengthened, not 
depressed [17,20]. There is empirical support for these theoretical 
considerations. Firing rates are low under natural conditions [21]. 
Moreover, with few intriguing exceptions [22], most learning happens 
through the potentiation of synaptic inputs (e.g. [23–32]). 

4. Other important functions: sleep to replenish and detoxify 

Historically, sleep has been assigned two main kinds of functions, the 
replenishment of key molecules that are consumed during wake and/or 
the clearance of toxic by-products of wake activity. One hypothesis is 
that glycogen, the only form of glucose storage in the brain, is depleted 
due to the sustained brain activity typical of wake and needs to be 
replenished in sleep [33,34]. Supporting evidence for this idea has been 
difficult to acquire: glycogen granules degrade quickly in fresh tissue 
and their direct quantification is challenging in the synapses, whose 
activity accounts for most of the brain’s energy budget [35,36]. In a 
recent study, we used serial-block face scanning electron microscopy to 
measure the glycogen content in the astrocytic processes surrounding 
asymmetric (excitatory) cortical synapses in young mice [37]. Despite 
the limitations of using perfused tissue, we found some evidence that the 
turnover of glycogen increases around the synapses after just a few hours 
spent awake, and that total sleep promotes glycogen accumulation. Yet, 
REM sleep accounts for a significant portion of total sleep in adulthood 
and is the dominant sleep phase during development [38,39]. Brain 
metabolism is at least as high in REM sleep as in wake, suggesting that it 
is difficult to save energy during this phase of sleep [40,41]. In fact, a 
recent study showed that the intracellular ATP levels of cortical pyra-
midal neurons are stable between wake and NREM sleep but decrease 
significantly in REM sleep, despite a large increase in cerebral blood 
flow [42]. Thus cortical neurons, at least those in the deep layers tar-
geted by this study, seem unable to meet the energy demands of REM 
sleep, either because during this sleep phase energy expenditure is too 
high, and/or because ATP production is impaired [42]. 

Another long-standing idea is that the sustained neuronal activity of 
wake leads to accumulation of solutes and waste products that need to 
be eliminated during sleep. Indeed, extracellular levels of glutamate 
[43], potassium [44], lactate [45–47] and beta-amyloid [48,49] are 
higher after wake than after sleep, and there is evidence that sleep is a 
privileged time for the clearance of these molecules [50]. Of note, a key 
factor promoting metabolite clearance from the brain is the presence of 
low levels of noradrenergic activity [50], a feature that is shared by both 
NREM sleep and REM sleep [51]. However, the extracellular concen-
trations of glutamate and lactate increase during the metabolically 
active REM sleep, as they do in wake [43,45,47], and this may also be 
the case for beta-amyloid, whose levels in the interstitial fluid are linked 
to lactate levels [49]. 

In short, the evidence summarized above shows that sleep promotes 
an increase in energy storage and a decrease in waste, and these 
important functions may be preferentially carried out during NREM 
sleep, while REM sleep may have additional functions. NREM sleep and 
REM sleep may also contribute to the same essential function that relies 
on the key feature shared by them, sensorimotor disconnection, which in 
turn is enabled by low levels of activity of the arousal systems. That 
function, according to SHY, is synaptic renormalization. As we discuss 
later, a key mechanism for synaptic weakening involves the metabo-
tropic glutamatergic receptors. Because the activation of these receptors 
may be prevented by high levels of arousal, NREM sleep is a good time to 
effect synaptic weakening and the same could be the case for REM sleep. 

5. The evidence for the synaptic homeostasis hypothesis 

If the major claim of SHY is correct, overall synaptic strength in the 
brain should not be balanced at all times. Instead, it should be biased 
toward net potentiation during the major wake period and toward net 
depression during sleep. For excitatory synapses, which account for the 
majority of the synapses in the mammalian brain [52,53], this predic-
tion has been confirmed using molecular, ultrastructural and electro-
physiological measures of synaptic strength. This evidence has recently 
been reviewed [54,55] and will be mentioned only briefly here, with an 
emphasis on some very recent findings. 

At the molecular level, the key mechanisms to modify the strength of 

Table 1 
The rationale for SHY.  

A neuron’s dilemma: 
To fire or not to fire? 
Firing is more expensive than silence: 
Fire for important events only 
Which inputs are important? Above chance coincidences of firing 
in a neuron’s input are “suspicious”: 
Detect suspicious coincidences in the inputs 
Important events should be communicated throughout the brain: 
Potentiate synapses that convey suspicious coincidences, 
so when they occur the output is to fire 
In wake, when connected to the environment, suspicious coincidences 
are constrained by reality and reflect current behavioral needs; not so in sleep: 
Potentiate synapses when awake (on-line, current sampling) 
Stronger connections are expensive (energy, space, supplies, decreased S/N, 

saturation): 
Renormalize synapses (without losing important memories) 
In sleep, when disconnected from the environment, suspicious coincidences 
can be triggered by spontaneous activation of multiple memories; not so in wake: 
Renormalize synapses when asleep (off-line, comprehensive sampling)  
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excitatory synapses involve changes in the surface expression and sub-
unit composition of the glutamatergic AMPA receptors, as well as 
phosphorylation and other post-translational changes that affect the 
open probability of these receptors and their ability to remain anchored 
to the membrane or undergo endocytosis. In the adult rodent cortex and 
hippocampus, AMPA receptors are tetramers mainly composed of GluA1 
and GluA2 subunits, or GluA2 and GluA3 subunits [56]. The 
activity-dependent surface insertion of GluA1-containing receptors, and 
the phosphorylation of GluA1 at Ser831 and Ser845 by CaMKII and PKA, 
respectively, have been strongly linked to synaptic potentiation [57]. 
The mobilization of GluA2-containing receptors to the cell surface, 
likely as GluA1-GluA2 tetramers, is also important for synaptic 
strengthening, while the removal of GluA2-containing receptors from 
the postsynaptic membrane is considered a key mechanism for synaptic 
weakening [57]. 

In synaptoneurosomes prepared from the cerebral cortex and hip-
pocampus of adult rats, the protein levels of GluA1-containing AMPA 
receptors and the phosphorylation levels of GluA1 at Ser831 and Ser845 
are higher after spontaneous and forced wake than after sleep [58]. This 
study relied on electroencephalographic recordings to confirm the 
sleep/wake behavior and used 3 experimental groups, including sleep 
deprived and sleeping animals collected at the same time of day, to 
demonstrate that the changes in AMPA receptors were not due to 
circadian time but to behavioral state. The same GluA1 markers, as well 
as the protein levels of GluA2-containing AMPA receptors, increase in 
the postsynaptic densities prepared from the mouse forebrain after the 
first 4 h of the dark phase, when mice were mainly awake (81% of the 
time), compared to the first 4 h of the light phase (31% awake) [59]. 
Another study found that, in synaptoneurosomes prepared from the 
mouse cortex, the phosphorylation of GluA1 at Ser845 increases in the 
course of 6 h of sleep deprivation and decreases with sleep [60], 
providing direct evidence that GluA1 phosphorylation first increases 
with wake and then decreases with sleep, and similar results have 
recently been found in the mouse frontal cortex [61]. Other recent ev-
idence comes from in vivo repeated two-photon imaging using 
SEP-GluA1, which shows that the surface expression of GluA1 in motor 
cortex decreases if mice are allowed to sleep but not if they stay awake 
(Miyamoto, Marshall, Tononi, Cirelli, unpublished). In summary, these 
molecular studies show sleep/wake changes in the expression of AMPA 
receptors that are consistent with the occurrence of learning and syn-
aptic potentiation during wake, and of synaptic weakening during sleep. 

Serial-block face scanning electron microscopy studies have shown 
that the size of the axon-spine-interface, an ultrastructural measure of 
synaptic strength, is bigger after several hours of wake than after several 
hours of sleep in the primary motor and sensory cortex [62] and in the 
CA1 region of the hippocampus [63] of 1-month old mice, as well as in 
the primary motor cortex of 2-week old mouse pups [64]. These results 
suggest that the sleep-dependent decrease in synaptic efficacy measured 
using molecular markers is associated with a decrease in the size of the 
direct area of contact between the axonal bouton and the head of the 
spine, consistent with the actual removal of AMPA receptors. 

Electrophysiologically, evidence supporting SHY has been obtained 
by measuring the spontaneous miniature excitatory postsynaptic cur-
rents (mEPSCs) in the rodent cortex. The first study found that in the 
superficial layers of the rat frontal cortex, the amplitude and the fre-
quency of mEPSCs increase after spontaneous wake and sleep depriva-
tion and decrease after spontaneous sleep and recovery sleep following 
sleep deprivation [65]. Similar differences were seen between sleep and 
sleep deprivation in the mouse frontal cortex [65], and a recent study 
found similar changes in the frequency and amplitude of mEPSCs in the 
superficial layers of the mouse anterior cingulate cortex [66]. Relative to 
sleep, the amplitude (but not the frequency) of mEPSCs also increases 
after sleep deprivation in the mouse prelimbic/infralimbic cortex and 
this increase is associated with the synaptic insertion of calcium 
permeable AMPA receptors [67]. In the rat somatosensory cortex, at the 
end of active (dark) period, 25% of the amplitude of the excitatory 

postsynaptic potentials (EPSPs) recorded from layer 5 pyramidal neu-
rons is accounted for by philanthotoxin 74 – sensitive, 
calcium-permeable AMPA receptors, while in the middle of the light 
(inactive) phase, EPSPs are insensitive to the same toxin [68]. Together, 
these findings suggest that calcium-permeable AMPA receptors are 
inserted in the synapses during wake and “disappear” after sleep. Both 
GluA1 homomers and GluA1/GluA3 heteromers are calcium permeable, 
but the synaptic levels of GluA3-containing receptors in the mouse 
forebrain do not change between wake at night and sleep during the day 
[59], suggesting that the GluA1 homomers are the ones that move to the 
synaptic surface during wake. During sleep, the GluA1 synaptic 
expression decreases, either because GluA1 homomers are removed 
from the surface and/or because the GluA1 subunits are substituted by 
GluA2 subunits. Due to the lower single channel conductance of GluA2 
relative to GluA1, this substitution alone can lead to long-term depres-
sion, as demonstrated in the ventral tegmental area [69]. However, the 
synaptic weakening described in that study was associated with the 
rapid synthesis and synaptic insertion of GluA2 with no change in the 
total number of AMPA receptors [69], while sleep leads to a net decrease 
in both GluA1 and GluA2 synaptic expression [59], and to the shrinkage 
of the axon-spine interface [62–64]. To account for these results, the 
substitution of GluA1 to GluA2 must co-occur with a significant removal 
of GluA2-containing receptors. Of note, GluR3-containing receptors are 
constitutively expressed in cerebellar and hippocampal synapses and 
switch from a low-conductance to a high-conductance state, without 
changes in their surface expression, in response to learning and the in-
duction of synaptic potentiation [70,71]. Whether similar changes can 
occur between sleep and wake remains to be determined. 

In most of the cited studies both the amplitude and the frequency of 
mEPSCs increased in wake relative to sleep, consistent with the co- 
occurrence of pre-synaptic and post-synaptic changes. However, one 
recent study that combined mEPSCs analysis with paired-pulse stimu-
lation experiments found that short sleep deprivation leads to a reduced 
probability of glutamate release [66]. At least in this specific case, 
therefore, presynaptic changes are an unlikely candidate to account for 
changes in frequency. The available evidence suggests, instead, that 
extended wake affects the mEPSCs mainly postsynaptically, increasing 
their amplitude by enhancing the efficacy of pre-existing active synap-
ses, and increasing their frequency by augmenting the number of active 
synapses. The changes in mEPSCs’ amplitude are in line with the fact 
that most cortical synapses are larger after wake than after sleep [62] 
and show higher expression of AMPA receptors [58–60,67]. The changes 
in mEPSCs’ frequency, on the other hand, are unlikely to be explained by 
the formation of new synapses, because spine density does not change in 
the cerebral cortex after a few hours spent awake [62], although this 
may happen in the CA1 region [63,72,73]. After early development, 
there is also little evidence for the presence of a significant number of 
cortical silent synapses, that is, only expressing NMDA receptors [74, 
75]. Because most cortical synapses are small [62], one possibility is that 
a significant fraction may contain too few functional AMPA receptors 
[76] for their currents to be reliably detected in the mEPSCs analysis. 
Another possibility is suggested by findings in the dorsal hippocampus, 
where the activation of beta-adrenergic receptors increases the 
open-channel probability of GluA2-GluA3 heteromers expressed in CA1 
neurons, leading to synaptic potentiation and possibly accounting for 
the increase in mEPSCs’ frequency [70]. Like CA1 synapses, some 
cortical synapses could therefore be “silent” during sleep because they 
only contain GluA2-GluA3 heteromers that are in a low-conductance 
state, and these receptors may be unmasked during wake when the 
high noradrenergic tone leads to an increase in their conductance. 

In summary, these findings strongly suggest that in the rodent fore-
brain, including cortex and hippocampus, sleep/wake changes in the 
strength of excitatory synapses are mediated by changes in the phos-
phorylation of GluA1-containing receptors, as well as by the insertion 
and removal from the synaptic surface of GluA1- and GluA2-containing 
receptors. Although direct evidence is lacking, changes in the 
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conductance of constitutive GluA2-GluA3 heteromers may also occur. 
As discussed elsewhere [77], SHY does not endorse any single specific 
mechanism of synaptic plasticity, and it is likely that sleep-dependent 
synaptic down-regulation is mediated differently in other brain re-
gions and in other animals species. In Drosophila, for instance, the cur-
rent evidence for sleep/wake changes in synaptic strength is based on 
both presynaptic and postsynaptic markers [78,79]. 

6. Putative mechanisms of sleep-dependent synaptic down- 
selection 

Local aspects of sleep regulation are being increasingly recognized. 
Neuronal activity switches to the pattern typical of sleep at different 
times in different brain regions, often with lags of several seconds [80], 
and the hippocampus often enters REM sleep many seconds before the 
neocortex [81,82]. NREM sleep can also be deeper - richer in slow waves 
– in some cortical areas than in others, depending on the amount of 
neuronal activity and learning-induced plasticity that occurred during 
the prior wake period [83]. Still, sleep and wake remain fundamentally 
distinct and mutually exclusive behaviors. We are either connected to 
the world and able to react and learn when the corticothalamic system is 
in a tonic firing mode promoted by the arousal systems, or we are 
disconnected and asleep. Hebbian, synapse-specific mechanisms are 
likely responsible for the net increase in synaptic strength during wake. 
By contrast, the mechanisms underlying the sleep-dependent synaptic 
renormalization are only partially known, and the relative contribution 
of Hebbian long-term depression and non-Hebbian, cell-wide down-
scaling remains unclear. 

In the short-term sleep allows new learning the next day while in the 
long-term, over days, weeks, or even longer time intervals, its cumula-
tive effects promote gist extraction and the consolidation and integra-
tion of the newly learned material within the pre-existent body of 
knowledge [17]. To solve this plasticity-stability dilemma, sleep must be 
able to promote a smart synaptic down-selection. As discussed in detail 
elsewhere, this process needs to be comprehensive and yet specific, and 
is likely to rely on the preferential top-down spontaneous activation of 
large neural networks during sleep [17,84]. Over the years, we have 
proposed several mechanisms compatible with the sleep/wake differ-
ences in synaptic strength, starting from a downscaling rule in which all 
synapses decrease in strength in a manner proportional to their strength 
(multiplicative downscaling), but those that after sleep fall below a 
minimal threshold disappear altogether or persist in an inactive state 
[85]. More recently, we have shown in computational studies how 
several cognitive benefits of sleep can be explained by a modified 
spike-timing-dependent synaptic plasticity rule that depresses stronger 
synapses less than weaker ones [86], and by a protection mechanism 
that spares from depression synaptic inputs strongly co-activated during 
sleep, including those recently activated by learning [84,87]. In reality, 
several mechanisms are likely to exist and their role may vary depending 
on developmental stage and brain region. For instance, the first down-
scaling rule that we proposed [85] is consistent with the ultrastructural 
results obtained in the motor cortex of 2-week old pups, where sleep 
leads to the downscaling of the axon-spine interface in all synapses, as 
well as to a trend increase in spines lacking synapses [64]. The same 
mechanism, however, cannot explain the results in the more mature 
cortex of 1-month old mice, where we found that sleep-dependent 
multiplicative scaling is size-dependent and spares the 20% largest 
synapses [62], more in line with the spike-timing-dependent synaptic 
plasticity rule [86]. Still other rules may apply to the CA1 stratum 
radiatum, where we found that the sleep-dependent decrease in the size 
of the axon-spine interface followed a scaling relationship in the larger 
(perforated) synapses but not in the smaller (non-perforated) synapses, 
which were more numerous [63]. Ultrastructural studies sample a very 
small number of synapses and test for scaling at the population level by 
comparing different animals. Despite these limitations, these findings 
suggest that different rules may apply, say, to the cerebral cortex and the 

hippocampus, which is hardly surprising given the different features of 
their synapses. To name just a few, synaptic turnover is low in the ce-
rebral cortex and high in the hippocampus [88,89]. Moreover, the 
cortical synapses that we sampled followed a log-normal distribution, a 
feature previously observed in other cortical areas and believed to 
emerge from multiplicative dynamics [62], while in the same mice the 
CA3 to CA1 synapses showed a bimodal distribution [63]. 

In NREM sleep, which in mammals represents the bulk (80%) of 
sleep, corticothalamic activity is bistable, alternating every second or so 
between ON periods of firing and OFF periods of silence, while during 
REM sleep neurons fire in a wake-like mode. Both phases, however, are 
bona fide “sleep” because the arousal threshold is increased and the 
arousal systems are less active than in wake, with the exception of the 
cholinergic system that fires strongly during REM sleep. The evidence 
supporting SHY comes from studies that compared several hours of wake 
to several hours of total sleep, including both NREM sleep and REM 
sleep. Thus, one possibility is that the mechanisms of sleep-dependent 
synaptic renormalization are shared by both sleep phases, for instance 
if they depend on a low noradrenergic tone [17]. Alternatively, they may 
be specific to NREM sleep, for example if they require a low cholinergic 
tone. It is also possible that NREM sleep and REM sleep have opposite 
effects on synaptic strength, but the phase that leads to synaptic weak-
ening is dominant, resulting in net synaptic downregulation at the end of 
several NREM-REM sleep cycles (4–5 in humans). As discussed in more 
detail in previous reviews, REM sleep may promote the insertion of 
AMPA receptors in the synaptic sites that remain effective after the 
NREM-dependent renormalization has occurred, perhaps specifically in 
the synapses that were tagged by replays during NREM sleep [17,90]. 
Note that several recent studies that have attempted to distinguish the 
role of NREM sleep and REM sleep have measured changes in firing 
rates. In both cortex and hippocampus, the spread between low firing 
and high firing pyramidal neurons decreases in NREM sleep and in-
creases in REM sleep, but the two effects cancel each other and the net 
effect of sleep is an overall decrease in mean firing rate [91]. However, it 
is difficult to assess the specific contribution of the two phases of sleep 
based solely on changes in firing rates, which may reflect changes in 
excitability rather than, or in addition to, changes in synaptic strength 
[92]. An intriguing question is also whether synaptic renormalization 
contributes to the role of REM sleep in emotional regulation [93]. It may 
be possible to test this idea in rodent models of fear conditioning and 
extinction by using selective REM sleep deprivation [94], and by 
measuring molecular and ultrastructural markers of synaptic strength in 
the amygdala and medial prefrontal cortex. 

Independent of the role of NREM sleep and REM sleep, however, 
what triggers the sleep-dependent synaptic renormalization is most 
likely not a significant change in firing activity, because no major 
changes in mean firing rates occur in the thalamocortical system during 
the physiological sleep/wake cycle, and neuronal activity in REM sleep 
is wake-like. This sets sleep-dependent down-selection apart from the 
phenomenon of homeostatic downscaling described in response to large 
and prolonged increases in neuronal activity. Hebbian long-term syn-
aptic depression and homeostatic downscaling, however, share some of 
the same molecular pathways [57], and it is likely that several of them 
are used for sleep-dependent down-selection. The question is which 
combination of mechanisms can account for the molecular, electro-
physiological, and behavioral effects of sleep. One possibility is that a 
broad scaling rule dominates early in development, when wake-related 
neuronal plasticity is high and diffuse. Indeed, the end of the second 
week of age, when we found evidence for broad downscaling in motor 
cortex [64], is when mouse pups start exploring and open their eyes, the 
EEG becomes continuous and shows unique patterns in wake and sleep, 
plasticity becomes experience-dependent, and the cortex is mature 
enough to sustain activity independent of peripheral stimuli [38]. At this 
age (first 2–3 weeks of life in rodent pups), the molecular mechanisms of 
plasticity are still evolving and differ from those in the adult brain [95]. 
More selective mechanisms may be engaged in a region-specific way 
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while the brain matures, to protect from weakening the synapses that 
were engaged in learning and establish long-term memory traces. These 
putative mechanisms are discussed below. 

7. Activation of MEF2 during sleep deprivation 

A recent RNA-seq analysis in the adult mouse frontal cortex revealed 
a significant overlap between transcripts differentially expressed be-
tween acute sleep deprivation and sleep, and transcripts affected by the 
loss of the transcription factor myocyte enhancer factor 2C (MEF2C) 
[66]. The study also found a relative dephosphorylation of MEF2C after 
6 h of sleep deprivation as compared to sleep, consistent with a 
wake-related increase in MEF2C transcriptional activity [96], as well as 
an increase in the frequency and amplitude of mEPSCs in the anterior 
cingulate cortex of a control strain (MEF2Cf/f). By contrast, no changes 
in mEPSCs were seen in a knock-out line in which MEF2C was deleted 
postnatally in the excitatory neurons of cortex and hippocampus 
(MEF2CCamK2a-Cre). Moreover, relative to controls, the MEF2C-KOCamK2a 

mice showed greater frequency and amplitude of mEPSCs after sleep, a 
blunted homeostatic decline in slow wave activity during the course of 
sleep, and a reduced increase in this parameter after sleep deprivation, 
indicative of impaired sleep homeostasis. Altogether, these findings 
point to a key role for MEF2C in mediating the response to sleep 
deprivation and the sleep-dependent decline in excitatory synaptic 
strength [66]. MEF2 transcriptional activity is activated in response to 
glutamate release and membrane depolarization [96,97], and the main 
effect of MEF2 activity in post-mitotic neurons is to constrain the density 
of dendritic spines and excitatory synapses [96,98]. Many of the targets 
of MEF2 have been involved in synaptic weakening, including Arc and 
Homer1a [99], and both genes are candidates to mediate 
sleep-dependent synaptic renormalization. 

8. Arc and inverse tagging of unused synapses 

Both Arc and Homer1a play a key role in the homeostatic down-
scaling triggered by strong increases in network activity, for instance 
during seizures or when bicuculline is added to neuronal cultures 
[100–104]. Arc is also induced by more physiological patterns of 
neuronal activation including during exploration, new training and 
long-term potentiation, but not long-term depression [101,102,105, 
106]. Arc mRNA accumulates in the dendritic shafts of select CA1 neu-
rons after novelty exposure, but remains translationally suppressed until 
group 1 metabotropic glutamate receptors (Gp1 mGluRs) are activated 
or low frequency stimulation occurs, resulting in the rapid (within a few 
minutes) local translation of Arc [107,108]. This process requires the 
phosphorylation of the eukaryotic elongation factor eEF2 by the kinase 
eEF2K, which interacts with Gp1 mGluRs. The activation of these re-
ceptors is believed to result in the calcium-dependent activation of 
eEF2K and the phosphorylation of eEF2, which in turn causes a general 
slowing down of protein synthesis but favors, paradoxically, the trans-
lation of a few specific mRNAs including Arc mRNA [108]. Inside the 
spine, Arc interacts with dynamin and endophilin and decreases the 
surface expression of GluA1 and GluA2 by promoting the endocytosis of 
AMPA receptors [103,109,110]. As mentioned, the novelty-induced 
upregulation of Arc per se is not enough to weaken the synapses of the 
Arc+ neurons, but primes these cells to undergo long-term synaptic 
depression in response to low frequency stimulation or direct synaptic 
activation of Gp1 mGluRs [107]. Of note, MEF2-mediated spine elimi-
nation in CA1 neurons also requires the local translation of Arc, which in 
turn depends on the dendritic activation of Gp1 mGluR5 [111]. The 
developmental elimination of surplus climbing fiber to Purkinje cell 
synapses also requires Arc [112], as well as the activation of Gp1 
mGluR1 [113]. 

Arc was shown to selectively weaken the less activated synapses in 
experiments originally performed in neuronal cultures, or in the visual 
cortex after monocular injection of tetrodotoxin to block neuronal firing 

[114]. Additional support for this process of inverse tagging was 
recently found in the visual cortex in vivo, 2 h after receptive field 
plasticity was induced by pairing a target visual stimulus with the 
optogenetic stimulation of single neurons expressing channelrhodopsin 
2 (ChR2) [115]. Within the same ChR2 + dendrite, some spines, whose 
receptive field overlapped with the target stimulus, grew in volume 
while other spines, more numerous and with receptive field away from 
the target, decreased in size. These structural changes followed over-
lapping but different temporal profiles: the increase in spine volume 
occurred rapidly, followed by only small increases over the next 2 h, 
while the decrease in size was limited early on and became more 
prominent over time. Two hours after the induction of plasticity the 
changes in spine volume correlated positively with the changes in the 
surface expression of glutamatergic GluA1-containing AMPA receptors, 
and negatively with the spine accumulation of Arc. Thus, potentiated 
spines grew in size, gained more AMPA receptors and showed less Arc 
enrichment, while opposite changes occurred in depressed spines. The 
occurrence of receptive field plasticity was prevented when Arc 
expression was knocked down in single neurons, and the spines and 
dendrites of these cells showed high and homogeneous levels of surface 
GluA1 expression. Potentiated and depressed spines were still present, 
but they were in equal number and were not spatially organized, while 
in control neurons depressed spines were the majority and clustered at 
close distance from the potentiated spines. Together, these results point 
to a key role for Arc in promoting visual plasticity by organizing the 
distribution of strengthened and weakened spines within the same 
dendrite, while at the same time promoting the loss of AMPA receptors 
from the majority of spines. 

In the rat cerebral cortex Arc mRNA levels are higher in wake than in 
sleep [116] and the induction of Arc during wake depends on an intact 
noradrenergic system [117]. The opposite is true for the mRNA levels of 
eEF2, which are higher in sleep than in wake [116] and increase during 
wake after lesions of the locus coeruleus [117]. During wake and in 
response to novelty, many but not all pyramidal neurons express Arc, 
presumably those directly engaged by experience [107,118,119]. Thus, 
a testable hypothesis is that Arc induction and the early accumulation of 
Arc in the dendritic shaft positively tag the neurons engaged by expe-
rience and learning, followed by the preferential accumulation of Arc in 
less used spines during sleep. There is currently no direct supporting 
evidence for this hypothesis but in the study described above [115], 
mice were returned to their home cage for 2 h after the induction of 
receptive field plasticity to allow, as stated by the authors, “for consol-
idation of plasticity”. Whether mice spent this time awake or asleep is 
not known. In vitro, Arc accumulation depends on the spine levels of the 
inactive (unbound to calcium) form of CaMKIIbeta [114]. Whether 
CaMKIIbeta plays a similar role during sleep is unknown, but the activity 
of CaMKIIbeta in mouse forebrain synaptoneurosomes is estimated to 
peak at the beginning of the active (wake) period [120]. One possibility 
is that the levels of inactive CaMKIIbeta at sleep onset could serve to 
distinguish the spines to be protected from downselection (low Arc) 
from those poised to be weakened (high Arc). 

In summary, Arc is an attractive candidate to effect synaptic weak-
ening in a specific manner, first by targeting the neurons engaged by 
wake-plasticity, and then by acting only on the less used and not- 
potentiated synapses in those neurons. How could sleep promote the 
second part of this process? When reproduced in vitro, the ON/OFF 
burst firing typical of NREM sleep [121] causes long-term synaptic 
depression in layer 5 pyramidal neurons through two mechanisms: re-
petitive burst firing not paired with synaptic excitation mainly leads to 
the removal of GluA1-containing, calcium permeable AMPA receptors 
via activation of serine/threonine phosphatases, while burst firing 
paired with excitatory postsynaptic potentials leads to the internaliza-
tion of both GluA1- and GluA2-containing AMPA receptors, the latter via 
activation of the Gp1 mGluR-PLC-PKC pathway [68,122]. Through the 
repetitive occurrence of UP and DOWN states, NREM sleep may there-
fore be a preferential time for the activation of Gp1 mGluRs required to 
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trigger Arc-dependent synaptic depression. As discussed below, this may 
be the case also for Homer1a-dependent synaptic weakening. A more 
detailed discussion of the specific role of UP and DOWN state in 
sleep-dependent synaptic renormalization can be found in a recent re-
view [54]. 

9. Homer1a and the activation of group 1 metabotropic 
glutamate receptors 

Like Arc, Homer1a is induced by seizures as well as by more physi-
ological patterns of synaptic activation, and its expression increases 
widely during waking in the cerebral cortex, striatum, and hippocampus 
[116,123–125]. Homer1a binds directly the C-terminal tail of Gp1 
mGluRs 1 and 5 [100] and functions as an intracellular ligand, dis-
rupting the link between these receptors and the long forms of Homer 
[126]. In doing so, Homer1a alters the functional complex linking Gp1 
mGluRs to the IP3 receptors, resulting in slower calcium release from the 
intracellular stores in response to the synaptic activation of mGluRs 
[127]. As first shown in the granule cells of the cerebellum, Homer1a 
also makes the Gp1 mGluRs complex constitutively active independent 
of the presence of glutamate [128]. The constitutive, rather than syn-
aptic, activation of Gp1 mGluRs is believed to play a key role in the 
downscaling of GluA1 and GluA2 expression after chronic (48 h) treat-
ment of neuronal cultures with bicuculline, because this effect is blocked 
by non-competitive Gp1 mGluRs antagonists but not by competitive or 
neutral antagonists [104]. Chronic treatment of neuronal cultures with 
bicuculline also leads to the accumulation of Homer1a in the post-
synaptic densities [59], and bicuculline-treated Homer1a KO neurons do 
not show the downregulation of GluA2 [104]. In the forebrain synapses 
of wild type mice, the accumulation of Homer1a and the decrease in 
GluA1, GluA2, and Gp1 mGluR5 expression also occurs after 4 h spent 
mostly asleep as compared to awake [59]. These sleep/wake changes in 
AMPAR expression do not occur in Homer1a KO mice, although these 
animals are unable to sustain long bouts of wake at night [129], making 
the interpretation of these results not straightforward. 

Together, these findings suggest that through the constitutive acti-
vation of Gp1 mGluRs, Homer1a plays a crucial role in the down-
regulation of AMPARs expression, both after bicuculline treatment in 
vitro and after sleep. The steps leading from the synaptic accumulation 
of Homer1a to the removal of AMPA receptors, however, remain un-
clear. Synaptic levels of Homer1a are low when cultured neurons are 
treated with noradrenaline, and high after treatment with adenosine, 
consistent with the in vivo finding that the synapses of the mouse 
forebrain contain more Homer1a after the first 4 h of sleep [59], when 
the noradrenergic tone is low and adenosine levels are still relatively 
high [130,131] compared to spontaneous wake. Yet, sleep is not abso-
lutely required for Homer1a to enter the spine, because synaptic levels 
of Homer1a also increase after sleep deprivation, likely due to the high 
levels of adenosine [59]. Independent of the exact timing for the accu-
mulation of Homer1a in the spine, however, the question is why would 
sleep, rather than wake, promote the Homer1a-dependent mechanism of 
synaptic weakening. 

The best characterized forms of Gp1 mGluR-dependent long-term 
depression in slices involve the parallel fiber to Purkinje cell synapses of 
the cerebellum, and the CA3 to CA1 synapses of the hippocampus. In 
both models, synaptic weakening requires the activation of Gp1 mGluRs 
coupled with depolarization, followed by the local synthesis of specific 
proteins like Arc [132]. In other words, the activation of Gp1 mGluRs 
alone is not sufficient to cause synaptic weakening. During NREM sleep, 
cortical neurons are bistable, alternating every second or so between the 
UP state, when they are depolarized and can fire in bursts, and the 
DOWN state, when they are hyperpolarized and silent. Thus, we propose 
that while Homer1a ensures the constitutive activation of Gp1 mGluRs, 
it is the repetitive occurrence of UP (depolarized) states that fulfills the 
second requirement for synaptic depression to occur. If so, however, 
why is the Homer1a-dependent mechanism of synaptic weakening not 

active during wake, when neurons are tonically depolarized? We suggest 
that the synaptic levels of Homer1a during wake are not high enough for 
the strong constitutive activation of Gp1 mGluRs and even if they are, 
during sleep deprivation, the high tone of the dopaminergic, norad-
renergic and other arousal systems may oppose the activity of Gp1 
mGluRs [133]. These receptors may be activated during REM sleep, 
when neurons are depolarized, because most arousal systems, including 
the noradrenergic system, are not active. In short, one possibility to 
account for the current findings is that Homer1a accumulates in the 
spines and binds to the Gp1 mGluRs after extended wake, increasing 
their constitutive activity, while the synaptic, glutamate-dependent 
activation of these receptors is opposed by the high arousal tone. The 
UP states of NREM sleep and possibly REM sleep - depolarized states 
associated with low activity in most arousal systems - may represent an 
ideal time for the full activation of these receptors. However, many 
questions remain. The synaptic activation of Gp1 mGluRs is blocked by 
high arousal levels in the midbrain dopamine neurons [133], but similar 
evidence in the cerebral cortex, hippocampus, and other areas is still 
lacking. Moreover, during the physiological sleep/wake cycle, the full 
activation of these receptors likely depends on both synaptic and 
constitutive mechanisms, and how these interact remains unknown. 

In general, if the repetitive alternation of UP and DOWN states is a 
key mechanism to promote synaptic weakening, what about non- 
mammalian species such as Drosophila? Fly sleep shares all the major 
features of mammalian sleep and there is evidence for sleep-dependent 
synaptic weakening in some Drosophila brain circuits [78,79,134]. Using 
voltage imaging, a recent study identified slow wave activity at the 
network level, as well as UP and DOWN states at the single unit level, in 
a group of fly neurons important for sleep regulation [135]. As in 
mammals, slow wave activity in flies increased with time spent awake, 
facilitated awakening when disrupted, and peaked in the first part of the 
night when flies are usually asleep, although arousal threshold was not 
measured during in vivo imaging [135]. These intriguing similarities 
suggest that at least some mechanisms for sleep-dependent synaptic 
renormalization may be shared between flies and mammals. 

10. Cpg2 and the internalization of AMPA and NMDA receptors 

When mice are treated during the sleep phase with non-competitive 
Gp1 mGluR antagonists, they show an increase in GluA1 expression in 
forebrain synapses, but GluA2 expression is not affected [59]. On the 
other hand, Homer1a KO neurons treated with bicuculline do not show a 
decrease in GluA2 expression, but still show a decrease (albeit blunted) 
in GluA1 expression and a clear-cut decrease in mGluR5 expression 
[104]. These findings imply that in addition to Homer1a-dependent 
pathways, other mechanisms are likely to be involved in the 
sleep-dependent downregulation of AMPA receptors and likely of other 
glutamatergic receptors. Indeed, there is some evidence that the 
expression of the NR2A-containing NMDA receptors in the rat hippo-
campus is lower after sleep than after wake [58], and this is also the case 
for the Gp1 mGluR1a receptors [136]. In the mouse forebrain, the 
synaptic expression of Gp1 mGluR5 decreases with sleep [59] and in 
humans, the mGluR5 availability for binding, assessed using a specific 
non-competitive antagonist, is higher after 33 h of sleep deprivation 
relative to 9 h of wake [137]. 

The candidate plasticity gene 2 cpg2 was identified in a screening for 
seizure-induced genes and like Arc and Homer1a, its expression also 
increases in response to more physiological stimulation, such as light 
exposure [138]. CPG2 localizes in the postsynaptic site of excitatory 
synapses on glutamatergic neurons, lateral to the postsynaptic density, 
and genetic manipulations in vitro have demonstrated that it promotes 
the internalization of NMDA and AMPA receptors, including the 
NMDA-dependent internalization of GluA1-containing receptors [139]. 
Thus, while Arc is critical for the activity-dependent endocytosis of 
AMPARs, CPG2 seems to play a broader role in the constitutive and the 
activity-dependent internalization of both NMDA and AMPA receptors, 
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although it can affect the activity-dependent pathway specifically [140]. 
Like Arc and Homer1a, the mRNA levels of cpg2 are also higher after 
wake than after sleep in the rat cerebral cortex [116]. Whether the 
accumulation of CPG2 in the spines changes with the sleep/wake cycle is 
not known. 

11. Conclusions 

Homer1a and the constitutive activation of Gp1 mGluRs currently 
represent the only characterized molecular mechanism able to effect 
synaptic weakening during sleep. An intriguing finding is that synaptic 
levels of Homer1a correlate with low levels of noradrenaline [59], 
suggesting that Homer1a-dependent synaptic renormalization may 
occur during both NREM sleep and REM sleep. However, the precise 
steps by which Homer1a results in synaptic weakening remain unclear, 
nor do we know whether some synapses are targeted more than others. 
Arc or similar mechanisms to specifically target the less used synapses 
may also exist, together with complementary mechanisms of selection 
that protect the potentiated synapses. For instance, the phosphorylation 
of GSK3beta in the synapses active during wake [58] may prevent the 
subsequent induction of long-term depression [141]. Another mecha-
nism may include the wake-dependent phosphorylation of GluA1 at 
Ser845 [58,59], which makes these receptors resistant to downscaling 
[57]. At this time, the contribution of each of these pathways to 
sleep-dependent synaptic down-selection remains speculative (Fig. 1). 
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